In the preblastoderm embryo, Polycomb complexes mutated. The lysine 9 position is trimethylated and are assembled at the PREs, which contain consensus this mark is closely associated with Polycomb binding sequences for DNA binding proteins such as GAGA facsites on polytene chromosomes but is also found in tor and Pleiohomeotic (PHO), the fly homolog of the centric heterochromatin, chromosome 4, and telomammalian YY1 factor (Brown et al., 1998). We have meric sites. Histone H3 methylated in vitro by the E(Z)/ argued that these, together with other, unidentified DNA ESC complex binds specifically to Polycomb protein. 
We reasoned that TRX and E(Z) might reside in complexes that possess MTase activities. PC contains a chromodomain whose structure and essential residues are homologous to those found in HP1 and related methyl lysine binding proteins (Nielsen et al., 2002) and might therefore recognize a nucleosomal methylation mark. In this work, we show that both TRX and E(Z) complexes contain an H3 MTase activity. To study the ESC/E(Z) complex, we fractionated Drosophila nuclear extract and asked if a MTase activity copurified with E(Z) and ESC. We found that a complex containing E(Z) and ESC trimethylates lysine 9 and methylates lysine 27 of histone H3 and that the trimethylated lysine 9 mark is closely correlated with PcG binding sites on polytene chromosomes, suggesting that the E(Z) methylation of H3 serves as the memory trace of the silent state.
Results

Methyltransferase Activities Associated with ESC and TRX
To test whether E(Z) or TRX might display MTase activity that could serve as a chromatin mark, we immunoprecipitated the corresponding complexes from embryonic nuclear extracts with anti-ESC antibody or with anti-TRX antibody. The immunoprecipitated material in both cases contains a histone MTase activity specific for histone H3 ( Figure 1A) .
To determine the site of methylation, we used first synthetic N-terminal peptides containing the first 19 to add a methyl group to dimethylated lysine 9.
Purification of the ESC/E(Z) Methyltransferase
Chromatographic fractionation of Drosophila embryonic methylated histones at and around the centromeric region (Schotta et al., 2002) . In this work, we confined nuclear extracts (Figure 2 ) reveals the presence of at least five distinct MTase activities, which we named ourselves to the study of HIM␣, which copurifies with E(Z) and ESC proteins. Gel filtration chromatography HIM␣, ␤, ␥, ␦, and ⑀ according to their elution from a resource Q column. HIM␤ contains the well-known ( Figures 2B and 2C Figure 3A ). While none of the components has appreciable activity individually, E(Z) plus p55 has some MTase activity and the ternary complex of E(Z), p55, and ESC displays even stronger ability to methylate histone H3. In contrast, when an E(Z) protein mutated in the SET domain is used, the ternary complex has no MTase activity. This experiment demonstrates that the E(Z) protein is responsible for the methylation progressively released amino acids was determined, we found a single peak at lysine 9 ( Figure 4B ). We conclude, therefore, that lysine 9 is a target of the ESC/E(Z) MTase. Nevertheless, the N-terminal peptide already dimethystains strongly the intact histone H3 but still recognizes weakly the trypsinized H3 ( Figure 4G , bottom). In conlated at lysine 9 can still be methylated (me2K9, Figure  4C ). The simplest explanation is that the enzymatic actrast, the anti-me2K9 recognizes the intact H3 but not the trypsinized H3. This weak reaction of the me3K9 tivity can add a third methyl group to the dimethylated lysine 9. To confirm this, we obtained new synthetic antibody with the methylated and trypsinized H3 suggests that lysine 27 may also be trimethylated in vivo peptides with or without trimethylation at lysine 9. With these peptides as substrates, we found that, while the and weakly recognized by the anti-me3K9 antibody. unmodified peptide is methylated, methylation of the me3K9 peptide is abrogated ( Figure 4C Figure 5A shows that the PC protein has some affinity for the trimethylated peptide but binds to the same extent candidate site since it is present in the truncated H3 but lacks its immediate N-terminal context. A peptide to the unmethylated peptide. We then examined the interaction of GST-PC to full-length histone H3 either comprising amino acids 21-34 of H3 is in fact methylated by HIM␣ ( Figure 4D ) but no methylation occurs if lysine methylated with purified HIM␣ or acetylated with GCN5. Compared to the acetylated H3, methylated H3 binds 27 is mutated to leucine (K27L). In contrast, the SU (VAR)3-9 MTase is very active on a peptide comprising five times better to GST-PC. The binding is nearly unaffected by the K9A mutation but decreases more than amino acids 1-19 of H3 but has no activity on the 21-34 peptide ( Figure 4D ). Furthermore, a recombinant histone 2-fold with the K27A mutant H3 ( Figure 5B ). These results indicate that methylation by HIM␣ significantly in-H3 carrying the point mutation K9A can still be methylated by HIM␣, as can H3 with the K27A mutation. Methylcreases the affinity of H3 for PC but most of this affinity is due to K27 methylation. ation activity drops to background level with H3 carrying both K9A and K27A mutations ( Figure 4E ).
An antibody directed against dimethylated H3 lysine Chromosomal PcG Sites Contain Trimethyl Lysine 9 H3 9 (anti-me2K9) has been described (for example, see
Jacobs et al., 2001). Cowell et al. (2002) have recently
If the H3 methylation activity associated with E(Z) serves as a chromatin mark for PcG silencing, we should expect described another antibody, specifically raised against the N-terminal peptide of histone H3 trimethylated at to find correspondingly methylated H3 at PcG sites on polytene chromosomes. When we double stain chromolysine 9. Western blotting of differentially modified peptides confirms that the anti-me2K9 antibody and the some spreads with anti-me2K9 antibody, together with anti-PSC to label PcG sites, we find no correspondence me3K9 antibody have distinct and nonoverlapping specificities ( Figure 4F ). When these antibodies are used to between the two ( Figure 6A ). The anti-me2K9 antibody stains very strongly the chromocenter, a very few eustain a Western blot of nucleosomal histones isolated from Drosophila embryos and then treated with trypsin chromatic sites, and telomeres. Telomeres are in fact the only places where PSC and me2K9 H3 are found to remove the N-terminal tail, the anti-me3K9 antibody together, consistent with previous reports that hetero-(var)3-9 and that due to E(z), we also stained chromosomes from larvae homozygous for the Su(var)3-9 06 muchromatin protein HP1 and PSC coexist at subtelomeric sites (Fanti et al., 1998). In contrast, when anti-me3K9 tation. Larvae and flies homozygous for this mutation are viable and lack most but not all of the anti-me3K9 was used to stain polytene chromosomes, we obtained almost perfect colocalization of me3K9 and PSC at eustaining at the chromocenter while staining of chromosome 4, of the base of chromosome 2R, and of telochromatic sites (Figures 6B-6D complex, estimated at around 600-650 kDa. It is likely ously whether it is affected by the E(z) S2 mutation since the loss of function is often incomplete. Heterochrotherefore that some components, possibly E(Z) itself, are present in more than one copy. Genetic evidence matic staining is lost in some nuclei but we cannot tell whether it is artifactual in these dying larvae. Interestsuggests that E(Z) function requires two or more copies of the protein acting in concert. The original E(z) 1 mutant ingly, staining at telomeres is also lost, often well before the corresponding staining with anti-PSC antibody.
produces a dominant enhancer of zeste phenotype when heterozygous with a wild-type copy of E(z) but These results confirm the conclusion that most of the euchromatic methylation detected by the anti-me3K9 acts as a null when homozygous (Jones and Gelbart, 1990; Phillips and Shearn, 1990), implying that the muantibody is in fact dependent on E(Z).
To distinguish the histone H3 methylation due to Su tant and wild-type copies of the protein act together. 2 and 4) . The residual labeling of H4 (asterisk) is due to a contaminating activity in the nucleosome preparation. In the bottom gel, Drosophila nucleosomes were digested with either 1 or 2 g trypsin and the products were analyzed by SDS-PAGE either Coomassie stained or Western blotted and stained with anti me3K9 or anti-me2K9 to detect endogenous methylation.
port that E(z) mutations are also suppressors of heterochromatic position-effect variegation (Laible et al., 1997). However, a more distinct difference between the SU(VAR)3-9 mark and the E(Z) mark is the methylation of H3 K27. In vitro, SU(VAR)3-9 does not methylate the K27 peptide. It will be important to test whether K27 methylation is present in heterochromatin, but it is likely that K27 methylation differentiates heterochromatic from PcG sites. ylation might then constitute the epigenetic mark trigto PcG sites. That the latter interpretation is correct is shown by the fact that the chimeric HP1 also recruits gering the silent state. It is interesting to note, therefore, that two polytenic sites that are strongly staining with PcG proteins to heterochromatin, where they are not normally found, and that this recruitment is dependent anti-PSC antibody but very weakly with anti-me3K9 antibody are 2D and 49F, respectively, the sites of the PcG on E(z) function (Platero et al., 1996) . We observe strong staining with the anti-me3K9 antibody in the chromocengenes ph and Psc. These PcG genes are downregulated but not silenced by PcG mechanisms. If trimethylation ter and chromosome 4, implying that me3K9 H3 is widespread in heterochromatin. If this is, in fact, due to E(z) of H3 lysine 9 signals strong silencing, we might expect these sites to be occupied by PcG complexes but only activity, it would explain the intervention of E(Z) in the heterochromatic recruitment of PcG proteins mediated partly repressed.
The Role of E(Z)-Dependent Histone Methylation
A role of H3 methylation in the assembly of stable by the chimeric HP1. It would be important, therefore, to determine whether PcG complexes is suggested by another observation. When the chromodomain in HP1 is substituted by the E(Z) contributes to heterochromatic me3K9. Anti-E(Z) antibody does not stain the chromocenter of salivary chromodomain of PC, the chimeric HP1 is recruited to PcG binding sites on polytene chromosomes (Platero polytenic chromosomes (Carrington and Jones, 1996). In E(z) S2 mutant larvae raised at nonpermissive temperaet al., 1995). This implies either that the chromodomain is sufficient to recognize and bind to the meK9 meK27 ture, we still see me3K9 staining in heterochromatin although with very variable intensity. One possible ex-H3 or that the PC chromodomain specifies critical interactions with other PcG components that are recruited planation for these two observations is that since hetero- 
